Introduction membrane ligands, HtkL (Elf-2/Lerk5) and Lerk2 (Elk-L/ Cek5-L) (reviewed in Pandey et al., 1995a) , in restricting The neural crest provides a model system for studying both cell migration and axon outgrowth during early cell migration in vertebrates. At early stages of periphsegmental patterning of the PNS. HtkL and Lerk2 are eral nervous system development, trunk neural crest expressed in developing somites of both rat and chick cells selectively migrate through the rostral but not cauembryos in regions avoided by migratory crest cells and dal halves of the somites, in the sclerotomal portion motor axons, such as the caudal half sclerotome and (Rickmann et al., 1985) . This patterned cell migration is dermomyotome. In several independent in vitro assays, in turn determined by a rostro-caudal patterning of the preclustered ligand-Fc fusion proteins exhibit repulsive somites: caudal somite halves contain substances that activities toward both motor axon outgrowth and neural inhibit crest cell migration (Stern and Keynes, 1987 ; recrest cell migration. Such repulsive activities require a viewed by Tosney, 1991; Bronner-Fraser, 1992) . Early discontinuous or graded presentation of the ligands trunk motor axons also avoid growing through caudal when tested in the context of permissive substrates, somite halves, indicating that somite patterning controls such as laminin or fibronectin. Taken together, these both crest cell migration and motor axon outgrowth data indicate that transmembrane as well as GPI-linked (Keynes and Stern, 1984) .
Eph ligands can regulate axon guidance, and, further, As there are no apparent morphological barriers sepathat transmembrane ligands also can guide cell migrarating the rostral and caudal somite halves, molecules tion. The results of in vivo perturbations, performed in differentially expressed between these halves have been independent studies, are consistent with this conclusion suggested to control this segmental patterning process (Krull et al., unpublished data; Smith et al., unpublished (Davies et al., 1990; Oakley and Tosney, 1991; Ranscht data) . Eph-related receptor-ligand signaling systems and . Two such molecules, collaare thus likely to be key components in the segmental gen IX and T-cadherin, recently have been shown to patterning of the PNS. inhibit neural crest migration and/or neurite outgrowth in vitro (Fredette et al., 1996; Ring et al., 1996) . Peanut agglutinin (PNA)-binding glycoproteins have also been Results implicated in repulsive guidance of both axons (Davies et al., 1990) and neural crest migration (Krull et al., 1995) , Detection of Eph-Related Receptors for the Ligands but the active species have not so far been identified.
Lerk2 and HtkL in Explanted Trunk Neural Other molecules, such as fibronectin, have been shown
Crest Cells and Motor Axons to promote neural crest cell migration, but these are not
We initially performed a survey of receptor tyrosine kinases expressed in rat trunk neural crest cells via RTdifferentially expressed in the rostral or caudal somite PCR. Using degenerate primers against conserved ki-
Lerk2 and/or HtkL Are Expressed in Somite Regions
Avoided by Trunk Neural Crest Cells and Motor nase domains, and cDNA from one-day primary neural crest explants, we detected expression of multiple dis-
Axons in Rat and Chick Embryos
We next examined the expression patterns of Lerk2 and tinct receptors such as bFGFR, erbB2, and erbB3 (data not shown). Included in this group was Nuk, an EphHtkL in E10-E11 rat embryos, a stage when neural crest cells are migrating. In the developing somites, Lerk2 is related receptor previously shown to be expressed by outgrowing neural tube-derived axons (Henkemeyer et localized in the dermomyotome, beginning with the most posterior (i.e., most newly formed) somite (Figures 2A, al., 1994) . Using an expression cloning approach, we identified two Eph family ligand molecules for the Nuk 2F (arrow), and 2M). Such newly formed somites also express HtkL at high levels ( Figure 2B , asterisks), as receptor (H. W. and D. J. A., unpublished data) . During the course of these studies, the cloning of these two previously reported . However, detectable signals are also observed at this stage in ligands, referred to as Lerk2 (Elk-L/Cek5-L) and HtkL (ELF-2/LERK5), was reported elsewhere (for review, see more anterior somites, albeit at lower levels ( Figure 2B ). Within each somite, moreover, HtkL is preferentially con- Pandey et al., 1995a) . Lerk2 and HtkL are homologous transmembrane molecules that bind to Nuk with a Kd centrated in the caudal half sclerotomes ( Figure 2B; To confirm the presence of receptor proteins for Lerk2 crest cells are located, as detected by expression of erbB3 mRNA (Meyer and Birchmeier, 1995) (cf. Figure  and HtkL on trunk neural crest cells, we stained oneday cultured rat crest explants with soluble ligand-Fc 2B versus Figure 2D ). Moreover, the onset of HtkL expression ( Figure 2B , asterisks) occurs just prior to neural fusion proteins. Specific surface labeling of neural crest cells by ligand-Fc but not control Fc proteins was decrest cell emigration into immediately anterior somites ( Figure 2D , asterisks). Similarly, HtkL (as well as Lerk2) tected ( Figures 1A and 1B) . A similar receptor decoration experiment was also performed on axons growing from expression in this posterior region of the embryo precedes motor neuron differentiation, as detected by ex-E10.5 trunk neural tube explants cultured on a laminin substrate. Such axons could also be decorated by either pression of SCG10 mRNA ( Figure 2E , arrow). Additional HtkL expression is observed in the dermomyotome of Lerk2 or HtkL ligand-Fc fusion proteins ( Figure 1E and data not shown), whereas no labeling was detected with both caudal and rostral somite halves (Figures 2G and 2H, arrows) , another region avoided by migrating neural control Fc protein ( Figure 1F ). That many of these axons derive from motor neurons was demonstrated by labelcrest cells, and in early limb bud ( Figure 2B ). Expression of both Lerk2 and HtkL in dermatome has disappeared ing with antibodies to c-ret, a receptor tyrosine kinase exclusively expressed by motor neurons in the neural by E12.5, but Lerk2 expression persists in the myotome (not shown). tube ( Figure 1G ) (Lo and Anderson, 1995) .
Our in vitro cell surface-labeling results could reflect To determine whether the restricted somitic expression patterns of HtkL and Lerk2 have been evolutionarily the expression of multiple Eph-related receptors in explanted neural crest cells and motor axons, since transconserved, we cloned large portions of their chick homologs. Chick Lerk-2 and rat Lerk-2 were more homolomembrane ligands Lerk2 and HtkL bind to four receptors in one subgroup: Nuk, Myk-1/Htk, Sek-4, and Elk (Bramgous to one another (77% amino acid identity) than to either chick or mouse HtkL, and vice versa ( Figure 3A ). billa Gale et al., 1996a) . In addition, Lerk2 and HtkL crossreact to Sek-1 within the other receptor One of these chick transmembrane Eph ligands is indeed expressed in caudal somite halves (Figures 3C subgroup (which binds the GPI-linked ligands [Gale et al., 1996a] ). We therefore used semiquantitative, geneand 3E; see also Krull et al., 1997) ; however, it is c-Lerk2, rather than HtkL, as is the case in rat. As in rat, the specific RT-PCR to determine which Eph-related receptors within the Nuk subgroup are expressed in rat neural metameric pattern of c-Lerk2 expression is complementary to that of both neural crest migration ( Figure 3D ) crest cells. The results indicated that in 24 hr neural crest explants Nuk mRNA is expressed at a higher level and motor axon extension ( Figure 3F ). c-Lerk2 is also expressed in the dermatome of both somite halves (Figthan Sek-4, Sek-1, and Myk-1 mRNAs, while the Elk receptor was not detected ( Figure 1C , lanes 1-5). These ures 3B and 3C, arrows), another region expressing HtkL in rat (cf. Figure 2H , arrow). In contrast, expression of results suggest that Nuk is the predominant receptor for transmembrane Eph family ligands expressed in rat c-HtkL is detected in endothelial cells of the aorta and in between the somites (data not shown and Krull et al., neural crest cells under these culture conditions. This conclusion is in agreement with other data showing that 1997).
To confirm that Nuk is expressed in vivo by migrating Sek-4, Sek-1, and Myk-1 are mainly expressed outside the nervous system in the trunk region at this stage neural crest cells at the same time that its ligands are expressed in the somites, we performed whole-mount (Becker et al., 1994; Irving et al., 1996; H. W. and D. J. A., unpublished data) . Since the cell population in our neural in situ hybridization for Nuk mRNA in rat embryos. Neural crest cells start to enter the somites in the caudal trunk tube explants is heterogeneous, we were unable to characterize the expression of specific receptors in motor at the 5-6 somite level, and a metameric pattern of migrating cells extends anteriorly ( Figure 2D ). A similar axons by RT-PCR. However, as mentioned above, Henkemeyer et al. (1994) demonstrated by immunocytometameric pattern of Nuk mRNA was also detected throughout the rostro-caudal axis by whole-mount in chemistry that these axons express at least Nuk protein. One-day neural crest (A and B) or neural tube (E and F) explants from E10.5 rat embryos were stained with Lerk2-Fc (A and E) or Fc (B and F) proteins. Neural crest cells were labeled by Lerk2-Fc (A), but not by control Fc (B). The edges of the neural tube (nt) are outlined in (A) and (B). In a semiquantitative RT-PCR assay (C), cDNA made from one-day neural crest explants was amplified with gene-specific primers for Nuk (lane 1), Sek-4 (lane 2), Myk-1 (lane 3), Sek-1 (lane 4), Elk (lane 5), and ␤-actin (lane 6). 27 cycles of PCR amplification were used to keep the reaction below saturation. A separate PCR reaction (D) showed equal levels of amplification of 1 ng plasmid DNA containing cDNAs for Nuk (lane 1), Sek-4 (lane 2), Myk-1 (lane 3), Sek-1 (lane 4), and Elk (lane 5), using the same sets of primers used in (C). This control indicates that each primer set amplifies its template with approximately equivalent efficiency under the conditions used. 1 kb DNA markers are indicated by arrowheads. Neural tube explants were cultured on a polylysine/laminin substrate to promote axon outgrowth. Specific axon labeling was observed with Lerk2-Fc (E), but not with Fc (F). Axons and cell bodies (arrow) were identified as motorneurons by labeling with anti-c-ret antibodies (G). HtkL-Fc gave similar results to that of Lerk2-Fc in both crest cell and motor axon staining (not shown).
situ hybridization ( Figure 2C ). In longitudinal sections, expressing cells were detected next to the neural tube ( Figure 2I , arrows), in the same regions that contained Nuk mRNA was restricted to rostral half somites ( Figure  2K , "r") in a pattern reciprocal to that seen for HtkL erbB3-expressing neural crest cells on adjacent sections ( Figure 2J , arrows). These data suggest that Nuk ( Figure 2L, "c") . In transverse sections, clusters of Nuk- (Fletcher et al., 1994) respectively. In stage-16 embryos (25 somite), c-Lerk2 is expressed in dermatome of both rostral and caudal somite halves (B and C, arrow), and in the caudal half sclerotome (C, "sc"). At the same stage, crest cells (D) and motor axons (F) decorated by HNK-1 and TUJ1 antibodies, respectively, are seen in rostral somite halves ("r"), compared with caudal half restricted c-Lerk2 expression (E, "c") in longitudinal sections. For additional data, see Krull et al., unpublished data. mRNA is expressed by migrating neural crest cells in angle to the stripes, the emigrating neural crest cells encountered delineated boundaries of ligand-Fc or Fc vivo as well as in vitro ( Figure 1C ). However, it is likely that Nuk is also expressed by cells of the rostral scleroproteins on a fibronectin substrate ("ϩ" lanes in Figures  4A-4C ). Cells at the leading edges of the explants (where tome ( Figure 2K ). This additional somitic expression may account for the slight difference in the pattern of Nuk neural crest cells are most dispersed) tended to avoid ligand-containing stripes (Figures 4A and 4B; Table 1 ), and erbB3 mRNA expression within rostral half somites seen in whole mounts (cf. Figure 2C versus Figure 2D ).
but not control Fc-containing stripes ( Figure 4C ). Cells adjacent to the neural tube (bottom of each panel) did not show such restricted migration, perhaps because HtkL and Lerk2 Exhibit Repulsive Activities toward Neural Crest Cell Migration in Stripe the high cell density in this region prevents contact between cells and the substrate-immobilized ligand, or and Transfilter Chemotaxis Assays Since Lerk2 and HtkL are expressed in somitic regions because "population pressure" driving expansion of the known to be inhibitory for neural crest migration, we hypothesized that these ligands might restrict crest cell (A-C) HtkL-Fc, Lerk2-Fc, or Fc, respectively, was coated in alternating stripes marked by "ϩ" and subsequently visualized with alkaline phosphatase-conjugated anti-Fc antibodies after fixation of the explants. (D-F) HtkL-Fc, Lerk2-Fc, or Fc, respectively, was coated in all stripes marked by "ϩ." The darker lanes were coated first and visualized by anti-BSA antibodies (see Experimental Procedures). Crest cell migration was biased toward ligand-free zones by coating alternating stripes ("ϩ") with HtkL-Fc (A) or Lerk2-Fc (B), but not with Fc (C). This guidance was not observed when either ligand was coated in all stripes (D and E). More than 30 explants were examined for the experiments depicted in each panel, and consistent patterns of cell migration were observed. Quantification of the data is presented in Table 1 . Scale bar ϭ 100 m.
explant overrides the guidance cues on the substrate.
To examine the effects of ligands on neural crest cell migration using an independent assay, we employed a Quantification of these stripe assays indicated that, on average, 75-80% of the crest cells in the distal one third transfilter chemotaxis system (modified Boyden chamber) (Moiseiwitsch and Lauder, 1995) . In this assay, preof each explant were present in between the ligandcoated lanes, whereas there was no such bias in the clustered ligand-or control-Fc fusion proteins were added at various concentrations to the bottom wells of distribution of the cells when alternating lanes were coated with control Fc protein (Table 1 , left side). Intera multiwell chamber. Dissociated primary neural crest cells were added to upper wells separated from the estingly, when all stripes were coated with Fc or fusion proteins, the cells were uniformly distributed across the lower ones by an 8 m porous filter, and allowed to migrate for 6 hr, after which they were fixed and the stripes, irrespective of whether ligand fusions or control Fc were used (Figures 4D-4F ; Table 1 , right side). These number of cells that migrated to the bottom side of the filter was determined. There was a statistically signifidata suggest that neural crest cell migration is restricted at boundaries between ligand-containing and ligandcant (p Ͻ 0.05) concentration-dependent reduction of cell migration by preclustered HtkL-Fc detectable at free regions in vitro, consistent with the distribution of neural crest cells and ligands observed in vivo (Figure 2 ).
concentrations as low as 10 ng/ml ( Figure 5 , black bars/ buds (Figures 2 and 3) , all of which regions are putative barriers to early axon outgrowth (Davies et al., 1990; Oakley and Tosney, 1991) . We therefore sought to determine whether Lerk2 and HtkL can play an inhibitory role in guiding motor axon outgrowth as well as neural crest migration. We first tested the ability of clustered ligandFc fusion proteins to induce growth-cone collapse of rat motor axons, using two different functional assays.
In the first assay, preclustered ligand-Fc proteins were added to the culture medium at various concentrations, and the proportion of spread versus collapsed growth cones was determined in a population of axons fixed after one hr. Both ligands induced a concentrationdependent inhibition of growth-cone spreading, with a half maximal dose around 300 ng/ml (3nM) or 500 ng/ ml (5nM) for HtkL-or Lerk2-Fc, respectively ( Figure 6A ). At saturation, approximately 70% of the growth cones were collapsed ( Figure 6A ), even if both ligands were combined (not shown). This may indicate that not all axons in the explant express functionally significant levels of receptors for the ligands, as suggested by the transient nature of Nuk expression on motor axons in vivo (Henkemeyer et al., 1994) . In a second assay, timelapse video microscopy was used to image individual coated coverslips, rather than as membrane suspensions from transfected cells (Drescher et al., 1995 ; Nakamoto column 5), but not by control Fc or unclustered HtkLet al., 1996) . Motor axons avoided growing in alternating Fc ( Figure 5, columns 1 and 3, respectively) .
lanes containing either HtkL-or Lerk2-Fc fusion proteins To determine whether this reduction of cell migration ( Figures 7A and 7B , "ϩ" lanes), but not lanes containing depended on a graded presentation of ligand, precluscontrol Fc protein ( Figure 7C ). No obvious avoidance tered HtkL-Fc was added to both the top and bottom was observed, however, when all lanes contained liwells at equal concentrations ( Figure 5, column 6) . No gand-Fc ( Figures 7D and 7E ) or control Fc ( Figure 7F ) significant reduction of migration was observed at conprotein. These results are consistent with a contactcentrations below 300 ng/ml (p Ͼ 0.05). At 300 and 1000 mediated mechanism for repulsive guidance, as preng/ml, some small but statistically significant (p Յ 0.05) viously indicated by time-lapse videomicroscopic analyreduction was observed relative to controls, but the efsis of motor axon outgrowth in vivo (Oakley and Tosney, fect was not nearly as strong as when the ligand was 1993). Taken together, these data indicate that HtkL and initially presented on the opposite side of the filter from Lerk2 not only induce growth-cone collapse, but can the cells (Figure 5 , cf. column 5 versus column 6). Moreexhibit repulsive guidance activity toward motor axons over, no significant reduction of migration was observed in vitro. when preclustered ligand was added to the top but not the bottom chamber ( Figure 5, column 7) . These data are consistent with the results of the stripe assays and Discussion suggest that inhibition of crest cell migration in vitro requires a discontinuous or graded presentation of the In higher vertebrates, migrating neural crest cells and ligand, consistent with the distribution of ligand expresgrowing motor axons avoid the caudal compartment of sion in vivo.
the somites (Keynes and Stern, 1984; Rickmann et al., 1985) . 
Conserved Somite Expression Patterns of HtkL/Lerk2 in Rat and Chick Correlate with Their Proposed Functional Roles in Patterning the PNS
Migrating neural crest cells in the trunk use either of two major pathways. Initially they migrate ventrally through the rostral sclerotome, and later laterally along a path between the dermatome and epidermis (Serbedzija et al., 1990; Erickson et al., 1992) . Somite manipulation experiments have shown that the ventral pathway is determined by the intrinsic rostral-caudal polarity of the somite (Teillet, et al., 1987; Bronner-Fraser and Stern, 1991) . We have shown that in rat embryos HtkL and Lerk2 are expressed in the caudal sclerotome and early dermatome, precisely the inhibitory regions suggested to restrict early crest migration (as well as motor axon outgrowth; see below). Moreover, the timing of their expression is also appropriate for an inhibitory role in restricting crest migration: the dermatome and the caudal sclerotome expression of the two ligands precedes crest cell migration (Figure 2 ). In addition, the expression level of these ligands in the dermatome is much reduced in later stages, coincident with the onset of crest migration dorsal to the dermatome (data not shown). arily conserved (Figure 8 ). In early chick embryos, the Pandey et al., 1995a) suggests that experiment at each concentration point, and 3 experiments were they may have been used interchangeably in evolution. sion patterns of these ligands and their receptors in avian and mammalian embryos strongly supports the idea that they function in patterning the PNS in vivo. Repulsive Guidance of Neural Crest has recently been shown to inhibit crest cell migration in vitro (Ring et al., 1996) . Other molecularly defined Migration by HtkL and Lerk2 A number of molecules have been identified as candicandidates have been shown to exhibit restricted expression in caudal half somites, such as versican and dates for restricting pathways of neural crest migration in vivo. PNA-binding glycoproteins present in caudal T-cadherin (Ranscht and Bronner-Fraser, 1991; Landolt et al., 1995) , but there are so far no functional data half somites have been shown to prevent migration of neural crest cells into this compartment (Krull et al., supporting the idea that these proteins guide neural crest migration. 1995), but their molecular identity is not yet known. Similarly, in the dorsolateral migration pathway, unidentified
We have demonstrated repulsive guidance of migrating rat neural crest cells by HtkL or Lerk2 in two indepenglycoconjugates have been implicated in transiently preventing premature entry of neural crest cells into this dent functional assays. In the chemotaxis assay, preclustered HtkL-Fc fusion proteins added in soluble form route (Oakley et al., 1994) . Collagen IX, a chondroitin sulfate proteoglycan present in the caudal sclerotome, to the bottom wells of a Boyden-like chamber inhibited to function in vivo. This does not mean that other molecules that act as inhibitors are unimportant in guiding neural crest migration in vivo. Rather, both repulsive and inhibitory activities of different molecules probably contribute to excluding neural crest cells from the caudal somite halves. Prior functional analysis of GPI-linked Eph ligands in the nervous system has focused on their activity as repulsive axon guidance factors. Our data indicate that transmembrane Eph ligands not only function similarly to repel growing axons, but also can act as chemorepellent molecules for migrating cells. In contrast, the GPIlinked Eph family ligand B61 can act as a chemoattractant for endothelial cells in vitro (Pandey et al., 1995b) . Whether this indicates that GPI-linked and transmembrane Eph family ligands exert opposite influences on cell migration, or that the nature of the influence is cell context-dependent, awaits further investigation. plate has been shown to repel trunk motor axons that grow ventrolaterally away from the ventral midline of the spinal cord (Guthrie and Pini, 1995) . In the cranial region, the transfilter migration of crest cells. In the stripe assay, substrate-bound HtkL-Fc or Lerk2-Fc proteins caused floor plate-derived netrin-1 has been shown to repel trochlear motor axons (Colamarino and Tessier-Lavigne, crest cells to preferentially migrate in the ligand-free zones. Interestingly, when the ligands were presented 1995). Motor axon projections also avoid the caudal half somites by contact-mediated inhibition (Oakley and uniformly (in every stripe, for example, or in both wells of the chemotaxis chamber), little or no repulsive influ- Tosney, 1993; Hotary and Tosney, 1996) . Recently, T-cadherin and collagen IX (which are expressed in cauence on crest cell migration was observed. These data suggest that the ligands can mediate a repulsive guiddal half somites) were shown to inhibit motorneuron neurite outgrowth in vitro (Fredette et al., 1996 ; Ring ance or repellent function, and are not simply inhibitors of cell migration or motility. A similar conclusion has et al. , 1996) . Our data identify HtkL as an additional candidate for restricting motor axon outgrowth in vivo: been reached for GPI-linked ligands that mediate axon guidance (Nakamoto et al., 1996) . One explanation for it is expressed in caudal half somites, and exhibits both repulsive guidance and growth-cone collapse activities this phenomenon is that rapid desensitization occurs when the cells are exposed to uniformly presented litoward motor axons in vitro. Sensory axons also avoid the caudal half somites, and PNA-binding glycoproteins gands.
The action of Eph ligands in vitro appears to be distinct of 48 and 55 Kd in extracts of caudal half somites have been shown to collapse the growth cones of DRG axons from that of other inhibitors of crest migration studied previously that can exert their effect when applied uni- (Davies et al., 1990 ). We have not yet determined whether HtkL or Lerk2 exhibit repulsive guidance activity formly to cells in the presence of permissive substrates (Perris and Johansson, 1987) . It is formally possible that toward sensory axons, in part because Nuk expression appears transient during sensory axon outgrowth in the Eph ligands might also exhibit such inhibitory effects if tested with lower concentrations of permissive subsomites (Henkemeyer et al., 1994) . Nevertheless, it is possible that c-HtkL/c-Lerk2 and the PNA-binding glystrate. However, in vivo, migrating neural crest cells are likely to encounter Eph ligands in the presence of coproteins are related, and this will become clear once the latter are characterized. substantial amounts of permissive substrate. Moreover, the requirement for a discontinuous distribution of HtkL Trunk motor axons are not only patterned metamerically along the anterior-posterior axis, but are also reand Lerk2 in vitro is also in good agreement with the fact that HtkL/c-Lerk2 exhibits a sharp boundary of exstricted from growing dorsolaterally toward the dermatome. The recent finding that chick collapsin-1 is pression between caudal and rostral somite halves in vivo. A discontinuous expression of HtkL is also seen expressed in early developing dermatome and is able to collapse the growth cones of motor axons in vitro in hindbrain rhombomeres, where reciprocal expression of HtkL and its cognate receptors may play a role in (Shepherd et al., 1996) supports the idea that the dermatome as well as the caudal sclerotome contains repulrestricting hindbrain cell mixing (Becker et al., 1994; Xu et al., 1995 neural crest cell migration and motor axon outgrowth in the peripheral nervous system. Such a coordinated cluding HtkL, Lerk2 and collapsin-1) may form a threedimensional repulsive matrix that determines the segaction of functionally equivalent Eph ligands is also observed for RAGS and ELF-1 in the retinotectal system, mented ventrolateral projection pattern of trunk motor axons.
where both ligands are expressed in the developing tectum in a gradient fashion (Cheng et al., 1995 ; Eight Eph family ligands have thus far been identified (Gale et al., 1996b) . Our results extend the number of Drescher et al., 1995) . Thus, in each system, the construction of the temporally and spatially dynamic exthese ligands with a demonstrable role in axon guidance from two (Drescher et al., 1995; Nakamoto et al., 1996) pression pattern needed to guide cells or axons appears to be distributed among functionally equivalent, indeto four. They also demonstrate that transmembrane as well as GPI-linked ligands can act as repulsive axon pendent gene products. Perhaps the evolutionary process that leads to the acquisition of such complex exguidance cues. Furthermore, the observation that Eph family ligands can guide motor axons as well as retinal pression patterns may be more easily achieved by utilizing multiple, functionally interchangeable ligandaxons implies that these molecules play a diverse role in axon guidance in both the central and peripheral nerencoding genes, rather than by evolving complex spatial and temporal regulatory mechanisms for a single gene. vous systems. In addition to their expression at initial stages of motor axon outgrowth, HtkL and Lerk2 are
In this respect, the large size of the Eph receptor and ligand family seems to make them particularly suitable expressed later in development in regions such as the limb. This suggests that these ligands may function in for achieving the complex signaling patterns necessary to organize the developing nervous system. maintaining as well as initiating restricted patterns of motor axon growth. It further raises the possibility that potential antagonists of such inhibitory ligands might
Experimental Procedures
be useful in promoting nerve regeneration, as has been shown for a myelin-associated inhibitor of axon growth
Production of Fc and Ligand-Fc Fusion Proteins
Human IgG1-Fc expression plasmid (Aruffo et al., 1990 ) was used (Bregman et al., 1995) . were fractionated by electrophoresis.
Since the somite expression patterns of HtkL and Lerk2
The PCR primers for Eph-related receptors are: GGT GAG GTC appear nonoverlapping, ligand knockouts may be more TGC AGT GGC CAT TTG (5Ј) and AGA CTG GAT CTG GTT CAT CTG likely to reveal a function for this signaling system in vivo. (Krull et al., 1997) . These in vivo perturbation experi-TCT TCT GAT GTC ATC (3Ј) for Elk. The ␤-actin primers are CAC ments complement our in vitro studies and suggest that ACI TTC TAC AAT GAG CTG CGT (5Ј) and GGT IAG GAT CTT CAT Eph family ligands that are sufficient to mediate guid-GAG GTA GTC (3Ј). To construct plasmids (pBluescript-KS) conance activities in vitro are also involved in restricting taining specific receptors, Nuk, Sek-4, Sek-1, and Myk-1 were amplified from neural crest cDNA, and Elk from P1 rat brain.
crest cell migration in vivo.
Whole-Mount In Situ Hybridization
was fixed in methanol and stained with hematoxylin, the number of cells that migrated to the bottom side was determined by counting and Immunohistochemistry Whole-mount in situ hybridization followed a protocol by Wilkinson in a 200ϫ microscopic field. (1992). HNK-1 and TUJ1 whole-mount immunohistochemistry on chick embryos was performed following a protocol by Ohta et al. (1996) . The stained embryos were sectioned on a cryostat after Small pieces of trunk neural tube (about 0.5 mm in length) were freezing in 15% sucrose plus 7.5% gelatin. Photo negatives were prepared from E10.5 rat embryos using the method described for scanned using a Polaroid SprintScan-35 into the Adobe Photoshop neural crest explant culture (Stemple and Anderson, 1992) . Culture program, where figure composites were made. In situ probes for dishes were first coated with poly-lysine (Stemple and Anderson, Lerk2 and HtkL are full-length coding sequences. The erbB3 (Gene-1992) , then with 5 g/ml laminin in L15-Air (GIBCO) for 1 hr at 37ЊC. bank U29339) probes were amplified with TGC AGC TTG TTA CTC Neural tube explants were cultured in defined crest culture medium AGT ACT TGC (5Ј) and GGC TCC TAC ACA CTG ACA CTT TCT (Stemple and Anderson, 1992) . For axon staining, the explants were (3Ј). Nuk probes were amplified with oligos described above. The either incubated with Fc-or ligand-Fc-conditioned media as defragments of chick Lerk2 (678 bp) and HtkL (648 bp) (also used scribed above for the neural crest cells, or with c-ret antibodies (Lo for the Figure 3 alignment) were cloned with degenerate oligos:
Explant Cultures for Axon Outgrowth and Ligand Assays
and Anderson, 1995). Stripe assay preparation was as described TTC/T ACI ATI AAA/G TTT/C CAA/G GA (5Ј), and TC/TA IAC T/CTT above, except that laminin (100 g/ml for the first stripe and 50 g/ G/ATA G/ATA IAT G/ATT (3Ј).
ml for the second) was used as substrate instead of fibronectin, and poly-lysine was omitted. The extent of ligand-dependent avoidance Neural Crest Explant Cultures and Ligand Assays was lower (although still detectable) if the ligand-Fc fusions were E10.5 rat trunk neural tubes were isolated and cultured in complete coated in the presence of poly-lysine plus laminin, reflecting the crest media as previously described (Stemple and Anderson, 1992) .
stronger neurite outgrowth-promoting activity of this combined perFor Eph-related receptor detection, one-day explants were incumissive substrate. Neural tube explants were cultured overnight for bated with Fc or ligand-Fc conditioned media (harvested from axon outgrowth, fixed, and developed to visualize the first stripes transfected 293 cells) for 1 hr at room temperature, fixed, then incuas described above. bated with biotin-conjugated goat anti-human IgG-Fc secondary Overnight neural tube explants were assayed for growth-cone antibodies (Jackson), and detected with the ABC-HRP system collapse responses. To induce Fc or ligand-Fc clustering prior to (Vector).
collapse assays, 5 g/ml purified Fc or ligand-Fc fusion proteins 15 mm-round Thermanox tissue culture coverslips (Nunc) were was first incubated with 50 g/ml polyclonal goat anti-hIgG-Fc antiused for protein coating in the stripe assay with special silicone bodies for 1 hr at R. T. in defined crest culture medium, then added matrices kindly provided by Dr. F. Bonhoeffer (Max-Planck Institute, to neural tube explant cultures at various concentrations. After a 1 Tü bingen, Germany). The cover slips were first coated with nitrocelhr incubation with Fc or ligand-Fc reagents at 37ЊC , the explants lulose dissolved in methanol as previously described (Lemmon et were fixed in 4% paraformaldehyde for 1 hr at R. T., and the number al., 1989). Stripes were prepared according to the procedure of of spread or collapsed growth cones was counted. Time-lapse re- Vielmetter et al. (1990) . Briefly, for the first stripes, a mixture of 200 cording was performed using a charge-coupled device (CCD) camg/ml fibronectin (Biomedical Technology) and 100 g/ml goat antiera and the Metamorph program. Photographic image contrast was Fc antibodies were injected into the open channels of the matrix enhanced using the Adobe Photoshop program. placed onto the coverslip. After a 1 hr incubation at 37ЊC, unbound proteins were removed by washing twice with PBS. A blocking solu
